Basic fibroblast growth factor (FGF-2) is involved in the development and maintenance of the nervous system. Exogenous administration of FGF-2 increased dopaminergic (DA) graft survival in different animal models of Parkinson's disease. To study the physiological function of the endogenous FGF-2 system, we analyzed the nigrostriatal system of mice lacking FGF-2, mice overexpressing FGF-2, and FGF-receptor-3 (FGFR3)-deficient mice both after development and after 6-hydroxydopamine lesion. FGFR3-deficient mice (ϩ/Ϫ) displayed a reduced number of DA neurons compared with the respective wild type. Whereas absence of FGF-2 led to significantly increased numbers of DA neurons, enhanced amount of the growth factor in mice overexpressing FGF-2 resulted in less tyrosine hydroxylase expression and a reduced DA cell density. The volumes of the substantia nigra were enlarged in both FGF-2 Ϫ/Ϫ and in FGF-2 transgenic mice, suggesting an important role of FGF-2 for the establishment of the proper number of DA neurons and a normal sized substantia nigra during development. In a second set of experiments, the putative relevance of endogenous FGF-2 after neurotoxin application was investigated regarding the number of rescued DA neurons after partial 6-OHDA lesion. Interestingly, the results after lesion were directly opposed to the results after development: significantly less DA neurons survived in FGF-2 Ϫ/Ϫ mice compared with wild-type mice. Together, the results indicate that FGFR3 is crucially involved in regulating the number of DA neurons. The lack of FGF-2 seems to be (over)compensated during development, but, after lesion, compensation mechanisms fail. The transgenic mice showed that endogenous FGF-2 protects DA neurons from 6-OHDA neurotoxicity.
Introduction
Parkinson's disease (PD) is the most common neurodegenerative disease affecting the nigrostriatal system. The disorder is characterized by the progressive degeneration of dopaminergic (DA) neurons in the pars compacta of the substantia nigra (SNpc), resulting in severe motor dysfunctions. The etiology of PD is associated with genetic defects (e.g., ␣-synuclein, parkin) in only ϳ10% of the cases (Feany and Bender, 2000; Shimura et al., 2000; Giasson and Lee, 2001) , whereas in the majority of patients its pathogenesis is unknown (Goldman and Tanner, 1998; Lotharius and Brundin, 2002) . All clinical approaches for the therapy of PD, including drug treatment, deep brain stimulation, and striatal cell transplantation, are symptomatic and do not prevent the progression of the disease. To develop new causal therapeutic strategies and/or to prevent the progression of the disease, one has to identify the molecular mechanisms that regulate the generation, survival, and differentiation of nigral DA neurons, both during development and after lesion.
Basic fibroblast growth factor (FGF-2) is involved in the development, maintenance, and survival of the nervous system and, as one of the most potent survival factors, exerts neurotrophic activity on DA neurons in vitro and in vivo. In vitro, exogenous administration of FGF-2 or cocultivation with FGF-2-producing Schwann cells stimulated survival and neurite formation of DA neuronal cultures and protected them from 6-hydroxydopamine (6-OHDA)-induced neurotoxicity (Ferrari et al., 1989; Knusel et al., 1990; Engele and Bohn, 1991; Beck et al., 1993; Mayer et al., 1993a; Bouvier and Mytilineou, 1995; Grothe et al., 2000) . With regard to the in vivo situation, FGF-2 has been efficiently used in different treatment protocols in mouse and rat PD models. Intrastriatal infusions of FGF-2 induced recovery of striatal DA fibers and DA content in the mouse 1-methyl-1,2,3,6-tetrahydo-pyridine (MPTP)-model and increased the protection of the neurotoxicityinduced lesioned nigrostriatal DA system (Date et al., 1993) . In addition, survival of grafted DA neurons was also enhanced after repeated intracerebral infusions or pretreatment of transplanted cells with FGF-2 (Mayer et al., 1993b) . Furthermore, cografting of FGF-2-producing fibroblasts (Takayama et al., 1995) or Schwann cells with DA neurons mediated growth-promoting effects on the transplants and improved the behavioral deficits of parkinsonian rats.
Interestingly, in the SNpc of control brains, ϳ82% of the melanin containing nigral cells are FGF-2 positive, whereas in the SNpc of patients suffering from PD only, ϳ13% of the remaining DA neurons are positive for FGF-2, suggesting a profound depletion of FGF-2 in the remaining DA neurons, and this depletion may be related to the disease process (Tooyama et al., 1993 (Tooyama et al., , 1994 .
The FGF-2 signal is mediated via four high-affinity tyrosine kinase receptors (R) that are crucial for development and regeneration of the CNS and PNS. In the dopaminergic nigrostriatal system, FGF-2 and three of its respective receptors (FGFR1-FGFR3) are endogenously expressed Timmer et al., 2004) .
The physiological roles of FGF-2 and its receptors can be investigated because mutant mice (1) lacking FGF-2 (Dono et al., 1998; Zhou et al., 1998) , (2) overexpressing FGF-2 (Coffin et al., 1995) , and (3) with a reduced level of FGFR3 (Colvin et al., 1996) have been generated.
Using these mice, it has been shown previously that different parts of the CNS and PNS are affected. FGF-2 null mutants are viable and the phenotype looked quite normal (Dono et al., 1998; Zhou et al., 1998) , but more detailed evaluation revealed that FGF-2 Ϫ/Ϫ displayed cerebral neocortex defects at birth (Dono et al., 1998) .
In addition, we have shown that targeted disruption of the FGF-2 gene affects the response to peripheral nerve injury, whereas the PNS development showed no defects (Jungnickel et al., 2004b) . In mice overexpressing FGF-2, we found faster nerve regeneration after sciatic nerve injury and a regulation of injury-related effects in the peripheral nervous system via FGFR3 signaling (Jungnickel et al., 2004a) . Moreover, FGF-2 and FGFR3 play an important role in the regulation of neuronal death after peripheral nerve injury (Jungnickel et al., 2005 ; for review, see Grothe et al., 2006) .
In the present study, we quantified the nigrostriatal system of the above mentioned mice strains after both development and lesion to analyze the physiological role of FGF-2 in the CNS. Our results show an increase of the DA neuron number in FGF-2 Ϫ/Ϫ mice after development but an increased cell death after lesion, suggesting different functions or, more probably, failing compensation mechanisms within the adult nigrostriatal system. Moreover, mice overexpressing FGF-2 protected DA neurons from 6-OHDA toxicity. Reduced DA neuron numbers in mice deleted for FGFR3 (genotype ϩ/Ϫ) during development indicate a major role of released FGF-2 compared with intracellular one. These alterations remain during adulthood.
Materials and Methods

Mutant mice
All experimental protocols were done in accordance with the German law for the protection of animals with a permit by the local authority (Bezirksregierung Hannover; guidelines of the Tierschutzgesetz i.d. F.v. December 25, 1998) . Three mutant mice of the FGF-2 system were used for the present study, including (1) receptor-deficient mice (FGFR3 ϩ/Ϫ ), (2) knock-out (ko) mice (FGF-2 Ϫ/Ϫ ), and (3) transgene mice (overexpressing FGF-2; TgFGF-2 ϩ/Ϫ ) ( Table 1) : FGFR3-deficient mice. FGFR3 heterozygous mice (Colvin et al., 1996) (background in this study, C57BL/6) were obtained from heterozygous crosses of breeders received from Dr. A. Vortkamp (Max-PlanckInstitute of Molecular Genetics, Berlin, Germany). The original colony created in the laboratory of Dr. D. Ornitz (Washington University, St. Louis, MO) was founded in a mixed C57BL/6 ϫ 129 background and maintained via successive C57BL/6 backcrosses. In the present study, FGFR3 heterozygotes were used, because the viability of FGFR3-deleted homozygous animals is low. The heterozygous mice exhibit nearly the same characteristic phenotype as FGFR3 null mice, including kyphotic and scoliotic deformations of the vertebral column at different extent (Colvin et al., 1996; Oh et al., 2003; Jungnickel et al., 2004a) . FGFR3 is expressed before embryonic day 16.5 (E16.5). At this stage, the first phenotypical alterations were found in FGFR3 ϩ/Ϫ mice (Colvin et al., 1996) . Genotypes were determined by PCR of the tail DNA.
FGF-2-deleted mice. FGF-2 ko and wild-type (wt) mice (Zhou et al., 1998) were obtained from The Jackson Laboratory (Bar Harbor, ME). Wild-type (FGF-2 ϩ/ϩ ; 129P2/OlaHsd:Black Swiss) and homozygous knock-out (FGF-2 Ϫ/Ϫ ) mice were studied, and genotypes were determined by PCR of the tail DNA. The lack of the protein was proven by Western blot (Jungnickel et al., 2004b) . FGF-2 ϩ/ϩ littermates served as the control group.
Mice overexpressing FGF-2. Heterozygous TgFGF-2 mice (Coffin et al., 1995) were received from Dr. S. Wolfram (Max-Planck-Institute, Bad Nauheim, Germany) and maintained on a FVB/N background. Wildtype and transgenic littermates were studied, and genotypes were determined by PCR of the tail DNA . Overexpression of the different FGF-2 isoforms was verified in brain and lung tissue from transgenic mice by Western blot (data not shown).
Experimental design. For the first part of the experiments (nonlesioned), 9-to 12-week-old male wild-type (FGFR3 wt, n ϭ 5; FGF-2 ko wt, n ϭ 6; TgFGF-2 wt, n ϭ 6) and male mutant mice (FGFR3, n ϭ 6; FGF-2 ko, n ϭ 6; TgFGF-2, n ϭ 6) were studied. Male mice older than 3 months were used for the lesion studies, because the cranial bone must be thick enough for putting the mice into the stereotactical frame (n Ͼ 8 per group). Female wild-type and mutant mice were taken for Western blot analysis (n ϭ 3). The genetically altered animals represent wild-type littermates (animals born together from the same female). Wild-type and knock-out animals were obtained by crossbreeding with heterozygous genetically altered animals.
Tyrosine hydroxylase immunohistochemistry
The mice were deeply anesthetized with ketamine and Rompun and perfused transcardially with 20 ml of 0.9% saline, followed by 40 ml of 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The brains were postfixed overnight and dehydrated in 20% sucrose. Serial coronal sections were cut on a freezing microtome at 30 m thickness. To quantify Colvin et al., 1996. b For additional details, see Dono et al., 1998 , Zhou et al., 1998 For additional details, see Coffin et al., 1995. the substantia nigra morphologically, every third section was processed for tyrosine hydroxylase (TH) immunohistochemistry (mouse anti-rat TH monoclonal antibody, 1:2500; catalog #T1299; Sigma, St. Louis, MO) using the avidin-biotin complex kit and 3Ј,3-diaminobenzidine for visualization, as described previously (Nikkhah et al., 1994) . Before putting the first antibody, the sections were preincubated using null serum.
Morphological evaluation of the substantia nigra
All morphological procedures were performed using an Olympus Optical (Tokyo, Japan) microscope (BX 60). We quantified the substantia nigra with regard to the number of DA neurons, the volumes, and the cell density ( Fig. 1) . Neuron counts. Stereological methods were used to evaluate the number of neurons in the SNpc. Total numbers of TH-positive (TH ϩ )cells were estimated with the optical disector method (Gundersen, 1977 (Gundersen, , 1986 Gundersen and Jensen, 1987; Gundersen et al., 1988; West and Gundersen, 1990; West et al., 1991) according to Oorschot (1996) . Sections used for counting covered the entire substantia nigra. The borders of the SNpc at all levels in the rostrocaudal axis were defined at 4ϫ magnification. The medial border was defined by a vertical line passing through the medial tip of the cerebral peduncle and by the medial terminal nucleus of the accessory nucleus of the optic tract, when present in sections, thereby excluding the TH-positive cells in the ventral tegmental area (VTA). Ventral border followed the dorsal border of the cerebral peduncle, thereby including the TH-positive cells in pars reticularis (SNpr), and the area extended laterally to include the pars lateralis in addition to pars compacta (Kirik et al., 2001) . One-third of the sections through the substantia nigra stained with TH immunohistochemistry was evaluated under 40ϫ magnification (objective: numerical aperture, 0.85). The measurements in the z-axis were done using the electric microcator (ND 281; Heidenhain, Traunreut, Germany) of the Olympus Optical CASTGrid system. The counting frame was placed randomly on the first counting area and systematically moved through all fields. Only the profiles that came into focus within the counting volume were counted. The estimate of the total number of neurons was calculated according to the optical disector formula (for more details, see Oorschot, 1996) . The coefficient of error was calculated according to Gundersen and Jensen (1987) , and values Ͻ0.10 were accepted. TH-positive cells were counted only when the nucleus could be identified.
The x-step length of 320 m and a y-step length of 210 m between the samples were chosen, and a rectangular counting frame of 26.3% (exact size of the counting frame, 0.01728 mm 2 ) of the total visual field was used. All neurons that were found inside of the counting frame or touching the inclusion lines (upper and right sides) were counted, and neurons touching the exclusion lines (bottom and left sides) or located outside the counting frame were excluded. All of the results (number of counted neurons, the number of samples, and the area of the counting frame) were collected in a table for additional analysis. The formula for the calculation of the total number of neurons in a selected region was based on stereological methods. The formula used was V(ref) ϫ N V ϭ N (unbiased estimate of the total number of neurons) (for details, see Oorschot, 1996) . Our mathematical approach was N ϭ I ϫ II ϫ III ϫ IV, where I is total number of counted neurons in the selected area. Thus, I ϭ N V . Hence, II ϫ III ϫ IV ϭ V ref : I, the total number of counted neurons in the selected area was multiplied with II. II, The total number of histological series in which the nucleus was divided was multiplied with III. III, Optical disector is the result from the division between the real physical thickness of the evaluated slice, which is given by the electronic microcator from the actual evaluated slice thickness (real physical slice thickness Ϫ excluded bottom and top areas) (the guard zones were 5 m from the bottom and 3 m from the top) was multiplied with IV. IV, The area evaluated was estimated as the product of the x-step length and y-step length divided by the area of the counting frame. This resulted in the total estimated DA neuron number within this basal ganglia.
Volume measurement. The volume of the SNpc was measured by outlining the areas of the SNpc on each section (magnification 10ϫ). The SN was outlined on the computer screen using the software AnalySIS Pro (version 3.00; Soft Imaging System, Münster, Germany). Afterward, the total volume was calculated by multiplying the area of each section with three (because we only used every third section) and multiplying the result with 18 m (thickness of the slice after shrinkage; before, 30 m).
Both the results and figures show the volume after shrinkage, and, therefore, to get the physiological volumes, one has to multiply all shown values with 1.7. In addition to the volume measurement, the area of both SNpc and SNpr were measured using the same system but only at three different coronal levels with regard to the bregma. The latter approach was performed to compare both parts of the SN.
Cell density. The cell density was calculated by dividing the counted cell number by the measured volume.
TH Western blot
Western blotting (n ϭ 3) was done after homogenization of the tissue (one hemisphere per probe, excluding the rostral part of the brain and the cerebellum) and separation of it using an 8% SDS-PAGE. The same amount of protein was loaded on each gel. Western blot analysis was performed as described previously (Meisinger et al., 1996) . Detection of TH was done using a monoclonal anti-TH antibody (1:25,000; Sigma) and the enhanced chemiluminescence system from Amersham Biosciences (Braunschweig, Germany). Coomassie gels and ␤-III-tubulin lanes (on the same blot as TH; blot was cut before primary antibody) were used as a loading control (each lane, 100 g of total protein). Blot bands were photographed and quantified using Scion (Frederick, MD) Image by density measurements.
Terminal 6-OHDA lesion
For the second part of the experiment, FGF-2 ko and TgFGF-2 mice received terminal unilateral 6-OHDA lesions to quantify the number of DA neurons, which survive this kind of intrastriatal lesion comparing mutant and wild-type mice. All surgical operations were performed under intraperitoneal anesthesia by using 10% ketamine/2% Rompun (0.1 ml/10 g). The animals received two stereotaxic injections of 6-OHDA at a concentration of 3 g/l (in 0.2 mg/ml L-ascorbate saline) using a 10 l Hamilton syringe plus glass capillary into the right striatum (for coordinates, see Table 2 ) (Lundblad et al., 2004) . The injection rate was 0.5 l/min, and the cannula was left in place for an additional 3 min before slowly retracting it. The amount and concentration of the toxin was Figure 1 . Overview of coronal sections through the midbrain. The photomicrographs show five levels of the substantia nigra (and the VTA) from rostral to occipital after tyrosine hydroxylase staining. In the present study, every third section of the midbrain was analyzed and not only the five sections shown here. Scale bar, 2000 m. evaluated before the main experiment to fulfill the following two criteria:
(1) reduce the number of DA neurons in wt mice to ϳ50%; (2) get the lowest possible mortality rate at the same time. The mice were killed 2.5 months after lesion.
Statistics
Data are expressed as means Ϯ SEM. Statistical analysis was performed using StatView 5.0 for Windows (SAS, Cary, NC). Comparisons between wild-type and mutant animals were performed with an unpaired Student's t test after testing normality. A p value of Ͻ0.05 was defined as significant.
Results
DA neuron numbers differ between mouse strains
We used three different mouse mutants to analyze the influence of FGF-2 on the nigrostriatal system during development: (1) FGF-2 knock-out mice (FGF-2 Ϫ/Ϫ ); (2) FGF-2 overexpressing mice (TgFGF-2), and (3) mice with a reduced level of FGFR3. Because the different mouse mutants of the FGF-2 system displayed different genetic backgrounds, the morphometric parameters of the SNpc were compared between the different strains ( Table 1) .
The number of DA neurons was quantified in ϳ2.5-monthold adult mice. Comparing the wild types of these three strains, the results displayed different DA cell numbers depending on the mouse strain analyzed (Table 3) . FVB/N mice (TgFGF-2 wt) have 8032.25 Ϯ 414.49 nigral DA neurons, whereas 129P2 mice (FGF-2 ko wt) only have 6057.2 Ϯ 283.50 DA neurons. This difference is significant ( p Ͻ 0.001). C57BL/6 mice (FGFR3 wt) showed the highest number of nigral neurons with 8350.5 Ϯ 448.86 neurons per SNpc, which was significantly higher than FGF-2 ko wt ( p Ͻ 0.0005). TgFGF-2 wt mice and FGFR3 wt ones do not differ and show similar DA cell numbers (difference of 3.9%; p ϭ 0.6; F ϭ 5.684).
The volumes of the SNpc were nearly equal between the different strains ( p Ͼ 0.05). The exact values are depicted in Table 3 . These data suggest that the volume of the SNpc is subject to stronger adjustments than the neuron number. Consequently, the cell density also shows significant differences between the three strains. The lowest density was found in FGF-2 ko wt mice. TgFGF-2 wt mice DA neuron density was 1.06-fold greater ( p Ͼ 0.05, not significant), and the density in FGFR3 wt mice was 1.28-fold greater than in FGF-2 ko wt mice ( p Ͻ 0.0001; F ϭ 13.756). The DA densitometric difference between FGFR3 wt and TgFGF-2 wt was significant ( p ϭ 0.0005) (absolute values, see below).
Number of DA neurons reduced in FGFR3-deficient mice
Recent studies showed an important functional relevance of FGFR3 in the PNS. After peripheral nerve injury, FGFR3 was upregulated in contrast to the other FGF-2 receptors (Ji et al., 1995; Grothe and Nikkhah, 2001 ). Furthermore, this receptor is crucially involved in the regulation of survival of sensory neurons after lesion but not during peripheral nerve development (Jungnickel et al., 2004a (Jungnickel et al., , 2005 . Regarding the CNS, it has been shown that the high-affinity tyrosine kinase receptor FGFR3 is expressed in the substantia nigra . In contrast to the PNS, FGFR3 expression displayed no alterations after 6-OHDA medial forebrain bundle lesion .
Therefore, we wanted to analyze the role of FGFR3 concerning the development of the nigrostriatal system. The SNpc was evaluated in terms of (1) DA neuron number, (2) SNpc volume, and (3) the density of DA neurons within the SNpc. Interestingly, FGFR3 ϩ/Ϫ mice (n ϭ 6) displayed a significant lower number of DA neurons compared with their wild-type littermates [ϩ/Ϫ, 6692.94 Ϯ 307.3 (n ϭ 5) vs wt, 8350.50 Ϯ 448.9 (n ϭ 6); p Ͻ 0.01; F ϭ 8.541] (Fig. 2 A, C,E) . This decrease in DA neuron number after development in mice with a reduced level of FGFR3 suggests a physiological function for this receptor during development. The volume of the SNpc was not altered in FGFR3 mutant mice: the nigral volume of FGFR3 ϩ/Ϫ mice was 0.12 Ϯ 0.005 mm 3 , and the volume of FGFR3wt was 0.12 Ϯ 0.007 mm 3 ( p Ͼ 0.05; not significant; F ϭ 0.001) (Fig. 2 A, C,F ) . Consequently, the neuronal cell density was significantly decreased in FGFR3 ϩ/Ϫ (56,568.17 Ϯ 2,764.9 DA neurons/mm 3 ) compared with the corresponding wild type (FGFR3wt, 65,451.33 Ϯ 2078.2 DA neurons/mm 3 ; p Ͻ 0.05; F ϭ 6.842) (Fig. 2 B 
, D,G).
FGF-2 level is reciprocal to number of DA neurons FGF-2 is a potent survival factor and is, for example, used as mitogen for the expansion of DA progenitor cells in vitro (Studer et al., 1998; Timmer et al., 2006) and promotes the survival of grafted embryonic DA neurons in vivo (Mayer et al., 1993b; Timmer et al. 2004 ). However, only little is known about the physiological role of FGF-2 on DA neurons and the nigrostriatal system. To study the influence of FGF-2 on the development of the nigrostriatal system, we quantified the number of DA neurons. Mice lacking FGF-2 (FGF-2 ko; n ϭ 6) resulted in 7170.60 Ϯ 228.9 DA neurons, whereas wild-type mice (FGF-2 ko wt; n ϭ 6) only resulted in 6057.20 Ϯ 283.5 (Fig. 3 A, C,E) . This result suggests that mice without the important mitogen and survival factor FGF-2 show a significant increase in the number of nigral neurons during development, which remains during adulthood ( p Ͻ 0.01; F ϭ 9.336). Moreover, mice overexpressing FGF-2 displayed a reduction of dopaminergic neurons after development [TgFGF-2 (n ϭ 6), 6902.23 Ϯ 414.2 DA neurons compared with TgFGF-2 wt (n ϭ 6), 8032.25 Ϯ 414.5] (Fig. 4 A, C,E) . However, the latter difference was not significant ( p ϭ 0.06; F ϭ 3.719). Summarizing these results, it appears that an inverse correlation exists between the number of DA neurons and the level of FGF-2 during development.
Volume of SNpc enlarged in both FGF-2 ko and Tg mice
The volume of the SNpc was relatively constant between the different mouse strains (see above). Therefore, the question whether The coordinates are given in millimeters with reference to bregma and dura. The lesion was performed unilaterally (right hemisphere). The neonatal rat/mouse adaptor was used ͓Cunningham hypothermic miniaturized stereotaxic device (Cunningham and McKay, 1993) ; Stoelting, Keil, WI͔. * indicates tooth bar (ϳ2.4) and ear bar (ϳ8) were set that bregma and lambda were within the same horizontal level. The postoperative mortality was ϳ35%. TB, Tooth bar; AP, anteroposterior to bregma; LAT, lateral from the midline; VERT, vertical (ventral to dura mater). endogenous FGF-2 can change the nigral volume is of importance. The volume of the SNpc in wild-type FGF-2-deleted mice was 0.120 Ϯ 0.009 mm 3 (Fig. 3C,F ) . The volume in the corresponding mutant strain (FGF-2 ko) was significantly enlarged (0.143 Ϯ 0.006 mm 3 ; p Ͻ 0.05; F ϭ 4.628) (Fig. 3 A, F ). These data suggest that FGF-2 is crucially involved in the development of a proper sized SN. Moreover, the nigral volume was also significantly bigger in mice overexpressing FGF-2. The volume in TgFGF-2 mice was 0.177 Ϯ 0.007 (wt, 0.134 Ϯ 0.005; p Ͻ 0.001; F ϭ 24.438) (Fig. 4 A, C,F ). An alteration of the endogenous FGF-2 concentration seems to result in an enlargement of the SNpc regardless of whether more or less FGF-2 is present.
TH-positive cell densities in the SNpc in FGF-2 mouse mutants
The DA neuron density was unchanged in FGF-2 knock-out mice. The cell density within the SN in FGF-2 ko mice was 50,733.97 Ϯ 2038.9 DA neurons/mm 3 and 51,088.51 Ϯ 1987.5 cells/mm 3 in the corresponding wild type ( p ϭ 0.9; F ϭ 0.016) (Fig. 3 B, D,G) . In contrast, transgenic mice displayed a highly significant difference ( p Ͻ 0.0001; F ϭ 23.407). TgFGF-2 wt mice showed a DA neuron density of 54,286.74 Ϯ 1743.6 (Fig. 4 D, G) . TgFGF-2 have a reduced DA cell density of 39,536.72 Ϯ 2500.9 (Fig. 4 B, G) . This difference in TH-positive cell density further supports the hypothesis that FGF-2 is important for the development of the substantia nigra.
TH expression in FGF-2 mutant mice
The expression of the DA rate-limiting enzyme TH was evaluated using Western blot analysis. The densities of the bands were measured (n ϭ 3 animals per group) compared with the respective wild-type animals (set as 100%). The same amount of protein was loaded on each lane. This was determined before and confirmed by a Coomassie gel. FGF-2 Ϫ/Ϫ mice displayed increased TH expression levels (112 Ϯ 8.8%) compared with wild-type mice (100 Ϯ 5.9%; p Ͼ 0.05) (Fig. 3H ) . Two examples of TH Western blot of transgenic mice are depicted in Figure 4 H (of n ϭ 3). Transgenic mice show decreased TH expression levels of 73 Ϯ 10.9% compared with wt animals (100 Ϯ 8.6%). This difference was significant ( p Ͻ 0.05) (Fig. 4 I) . These data confirm the results of DA neuron counting and also suggest an inverse relationship between the TH and the FGF-2 levels in adult mice.
Substantia nigra: compacta and reticularis
In addition to the measurement of the volume of the SNpc of the whole midbrain, we measured the area of the SNpc and of the SNpr at three different coronal levels of the midbrain in FGF-2 ko mice (Fig. 5A) . The question was whether the increased nigral size was attributable to a change in the rostral, medial, or occipital part of the SN and whether the pars reticularis was also affected. Compared with wt mice (wt was set as 100%), FGF-2 ko mice displayed a 16% increase of the SNpc area at Ϫ2.9 mm, a 26.9% increase at Ϫ3.3 mm, and a 23.7% increase at Ϫ3.8 mm from the bregma. All three levels showed a significant area increase of the SNpc ( p Ͻ 0.05), indicating that the SNpc is enlarged throughout the midbrain (Fig. 5B) . In contrast, the pars reticularis was not affected. FGF-2 ko mice displayed the following area values of the SNpr: rostral, 108.3 Ϯ 9%; medial, 104.2 Ϯ 11%; and occipital, 110.9 Ϯ 9% ( p Ͼ 0.05). 
Less surviving DA neurons in FGF-2 ko mice after lesion
To understand the physiological role of FGF-2 after CNS lesion could have impact on the development of new therapeutic strategies. Here, we addressed the question of whether endogenous FGF-2 could protect DA neurons from 6-OHDA neurotoxicity. For this purpose, the number of DA nigral neurons was quantified after striatal 6-OHDA lesion.
It has been shown recently that FGF-2 immunoreactivity increases in reactive astrocytes after a striatal 6-OHDA-induced partial lesion of the nigrostriatal system (Chadi and Gomide, 2004) . In addition, FGF-2-producing fibroblasts protect the nigrostriatal DA system from 6-OHDAlesioned rats (Shults et al., 2000) . In the present study, the lesion parameters (6-OHDA concentration used and coordinates) were chosen to destroy ϳ50% of DA neurons in wild-type mice. FGF-2 ko wt mice result in 2749.6 Ϯ 151.1 surviving DA neurons, whereas in FGF-2 Ϫ/Ϫ , only 2144.3 Ϯ 137.0 survived the terminal lesion (Fig. 6 A-C) . This significant difference ( p Ͻ 0.05) suggests that other trophic factors are not able to compensate for the missing endogenous FGF-2 after lesion. The difference becomes even more significant when the lesioned hemisphere is compared with the nonlesioned side, because unlesioned wild-type mice display significantly less DA neurons than FGF-deleted mice (see above): 45.3% of the DA neurons survived in FGF-2 ko wild-type mice, whereas only 29.9% survived in FGF-2 ko mice lacking the protein (Fig. 6C) .
DA neurons rescued in TgFGF-2 mice after 6-OHDA lesion
Mice overexpressing FGF-2 were able to protect DA neurons from 6-OHDA neurotoxicity, because 3657.1 Ϯ 128.4 DA neurons survived the 6-OHDA lesion in wild-type mice, whereas in TgFGF-2 mice, 4023.9 Ϯ 166.7 DA neurons survived the lesion (Fig. 7A-C ). This significant difference ( p Ͻ 0.05) also becomes more significant when the lesioned hemisphere is compared with the nonlesioned side, because unlesioned wild-type mice displayed more DA neurons than transgenic mice (see above). A total of 45.5% of the DA neurons survived in TgFGF-2 wt mice, whereas 58.3% survived in TgFGF-2 overexpressing the protein (Fig. 7C) . These results suggest that endogenous FGF-2 can protect DA neurons from lesion-induced cell death.
TH expression levels after striatal 6-OHDA lesion
The TH Western blots confirmed the quantification of DA neurons after 6-OHDA lesion. A profound reduction of TH was found after terminal lesion (Figs. 6 D, 7D ). In addition, TH expression after 6-OHDA lesion was lowered in FGF-2 ko animals compared with wt mice (Fig. 6 D) . Furthermore, FGF-2 transgenic mice showed higher TH expression after lesion than the corresponding wt mice (Fig. 7D) .
Discussion
To study the relevance of the FGF-2 system in SNpc development, we used mice overexpressing FGF-2, without FGF-2 (ko) Figure 5 . SNpc and SNpr in FGF-2 ko mice. A, In addition to the volume measurement of the complete SN, the area of both parts of the SN (pars compacta and pars reticularis) was analyzed at three different midbrain levels (Ϫ2.9, Ϫ3.3, and Ϫ3.8 occipital from the bregma; see also the middle three levels of Fig. 1 ) (Paxinos and Franklin, 2001) . B, Quantitative results of the SN area of the three coronal levels. The area of wt mice was set as 100% in all levels. The SNpc was enlarged throughout the midbrain, whereas the pars reticularis was not changed in FGF-2 ko mice. *p Ͻ 0.05. and lacking FGFR3, one of the high-affinity receptors of FGF-2. The present study revealed crucial functions of the endogenous FGF-2 system in the developing SNpc and after lesion, including four main findings: (1) an increase in DA neuron number in mice lacking FGF-2 and, moreover, a TH decrease in mice overexpressing the factor; (2) a vice versa situation under lesioning conditions in which more DA neurons were rescued in TgFGF-2 mice and less in FGF-2 ko ones; (3) an enlargement of the volume of the SNpc when the FGF-2 level was altered regardless whether this change was an increase or a decrease; and (4) a significantly lower number of DA neurons in FGFR3 ϩ/Ϫ deficient mice, which suggests an involvement of FGFR3 signaling during development (Table 4) .
Striatal 6-OHDA lesion provides a useful tool
Inducing PD in animal models can be achieved by different methods such as 6-OHDA, rotenone, paraquat, and maneb (Betarbet et al., 2002; Soderstrom et al., 2006) . The most common one in mice is MPTP treatment. Most studies analyzing mutant mice regarding the nigrostriatal system use this approach (Sriram et al., 2002; Zechel et al., 2006 ). This technique is easily applicable but has several disadvantages, including a recovery of motor impairments after some days and enhanced de novo DA neurogenesis after MPTP lesion (Shan et al., 2006) . Furthermore, mice are less sensitive to MPTP treatment compared with primates, and different mouse strains are differently sensitive to MPTP toxicity, with the highest sensitivity in C57BL/6. The degree of the damage is also age related (Gerlach et al., 1991; Schober, 2004) . To overcome these limitations, we used the 6-OHDA lesion, which has to be performed stereotactically. Normally, this method is only used in rats, because they are insensitive against systemic MPTP applications attributable to a high endothelial monoamine oxidase-B activity. The common 6-OHDA medial forebrain bundle lesion completely destroys all DA projections (Ungerstedt and Arbuthnott, 1970) . More recently, terminal lesions of the rat nigrostriatal pathway induced by intrastriatally injected 6-OHDA have been developed (Sauer and Oertel, 1994; Lee et al., 1996; Kirik et al., 1998; Rodter et al., 2000) . This animal model of PD has the advantages that (1) one can directly influence the extent of the lesion by altering the dose given, and (2) this kind of lesion mimics early stages of the disease and is therefore useful for the development of neuroprotective therapies.
FGF-2 as a key factor: influence of the FGF-2 level on DA neurons FGF-2 and its high-affinity tyrosine kinase receptors (FGFR1-FGFR3) are expressed in the developing and adult mesencephalon and especially in the SN (Bean et al., 1991; Belluardo et al., 1997; Bansal et al., 2003) . FGF-2 displays different isoforms with different subcellular distributions and functions (Stachowiak et al., 1994; Timmer et al., 2004) . In the mutant mice analyzed (transgenic and knock-out), all three FGF-2 isoforms (18, 21, and 23 kDa) are deleted or overexpressed, respectively.
FGF-2 mainly acts as a survival factor and mitogen in many tissues, including the PNS and CNS (Xu et al., 2005) . On the one hand, it is upregulated in several carcinogenic cells (Ueba et al., 1994) , and, on the other hand, it is used to stimulate the survival of grafted (stem) cells in regenerative medicine. In PD, it was successfully applied to enhance the survival and differentiation of transplanted embryonic DA cells (Takayama et al., 1995; Timmer et al., 2004) , and it was taken as mitogen to expand neural progenitor cells before differentiation (Studer et al., 1998; . Moreover, FGF-2 promotes neurogenesis and neuroprotection (Jin et al., 2005) . On the basis of these facts, an increase in DA neuron number in mice overexpressing FGF-2 and a decrease in FGF-2-deleted mice could be expected. Interestingly, the opposite was found in this study. Significantly more DA neurons were found in FGF-2 ko mice. A possible mechanism explaining this finding could be that the lack of FGF-2 is (over) compensated during development by other trophic factors, which could be upregulated. Such compensatory regulations are reported from many knock-out mice displaying only some deficits and nearly normal phenotypes.
The compensation of FGF-2 in FGF-2 Ϫ/Ϫ mice could theoretically occur through (1) other members of the FGF family or (2) other trophic factors [for example, brain-derived neurotrophic factor (BDNF)]. The latter possibility is unlikely, because no compensation takes place when the FGF receptor is deleted, suggesting that other FGFs are responsible for the compensation (see below). To date, the FGF proteins are encoded by 22 distinct genes known as Fgf1-Fgf18 and Fgf20 -Fgf23 in the mouse species (Dono, 2003) . Human and chick Fgf19 is the ortholog of mouse Fgf15 (Wright et al., 2004) . To evaluate a putative candidate for the compensation of FGF-2, first all FGF members have to be excluded that are not expressed in the SN. Most FGFs are expressed in the brain, whereas FGF-21 is preferentially expressed in the liver (Nishimura et al., 2000) and FGF-22 in the inner root sheath of the hair follicle (Nakatake et al., 2001 ). Other FGF family members are only expressed in distinct parts of the brain, such as FGF-23, which is expressed in the ventrolateral thalamic nucleus (Yamashita et al., 2000) . Many studies showed that FGF-4 is not expressed in the brain, but a recent study revealed localization of mouse Fgf4 mRNA in the hippocampus, subventricular zone, and the rostral migratory stream in which new neurons are generated and migrate (Kosaka et al., 2006) . The Fgf8/Fgf17/Fgf18 subgroup of Fgfs mainly have midbrain and cerebellum regulatory properties in very early stages of development (Reifers et al., 2000; Liu et al., 2003) , but there is some evidence that they are also expressed during later stages in the SN. In addition, FGF-1, FGF-9, FGF-11, FGF-12, FGF-13, FGF-14, FGF-15, and FGF-20 are expressed in the SN and could be responsible for the compensation when FGF-2 is deleted (Todo et al., 1998; Ohmachi et al., 2000; Dono, 2003) . FGF-3, FGF-5, FGF-6, FGF-7, FGF-10, and FGF-16 could theoretically also compensate FGF-2, but, so far, no evidence has been published that these FGF members are expressed in the SN.
Concerning the volume of the SN, it seems that overcompensation of the deleted FGF-2 by other FGFs leads to a similar effect as overexpressed FGF-2 in transgenic FGF-2 mice. That both FGF-2 and other FGFs (in FGF-2 knock-out mice) play a crucial role on the size (in terms of an enlargement) of the SN is very likely.
In mice overexpressing FGF-2, we found a nonsignificant decreased DA cell number and, in addition, a significantly lower TH expression level, suggesting that too much FGF-2 may be harmful for DA neurons during development. A recent finding supports this hypothesis because it was shown in vitro that increased concentration of exogenous FGF-2 leads to reduced outgrowth of human embryonic stem cell (hESC) colonies with time in culture (Dvorak et al., 2005) . In addition, we have shown recently that FGF-2 can exhibit toxic effects on transfected DA progenitor cells overexpressing FGF-2 (Cesnulevicius et al., 2006) . Moreover, continuous exposure of glial cell line-derived neurotrophic factor (GDNF) to mature DA transplants impairs the ability of the graft to improve spontaneous motor behavior in parkinsonian rats (Winkler et al., 2006) .
The SNpc and its trophic factors
Several growth factors promote the survival of mesencephalic dopaminergic neurons such as GDNF, a member of the trans- TgFGF-2 mice after terminal 6-OHDA lesion. A, Representative coronal TH-stained section of mice overexpressing FGF-2 after unilateral 6-OHDA lesion. Lesioned hemisphere (H.), Right. The two inserts show higher magnifications of the two frames in the overview. B, Representative photomicrograph analog to A of wild type. Scale bars, 500 m. C, Quantification of TH ϩ cells at the lesioned side (left) and the relative cell survival compared with the unlesioned side (right). Significantly more DA neurons were rescued from 6-OHDA neurotoxicity in mice overexpressing FGF-2. D, TH Western blot comparing transgenic and wt mice before and after lesion. ␤-III-Tubulin (Tub.) was used as standard. Abbreviations: see Figure 6 . *p Ͻ 0.005. forming growth factors ␤ superfamily, neurotrophins including brain-derived neurotrophic factor (BDNF), and low molecular compounds mimicking growth factor activities (Krieglstein, 2004) . Currently, the available data support GDNF to be a highly promising candidate for the treatment of PD in terms of exogenous application [e.g., viral (Kirik et al., 2004) ]. However, GDNFnull mutants lack a nigral DA phenotype (Granholm et al., 1997) . In another experimental approach by transplanting fetal neural tissues from GDNF Ϫ/Ϫ into wild-type mice, it was demonstrated that the continued postnatal development of these grafted DA neurons was severely disturbed in terms of reduced DA neuron numbers and fiber outgrowth (Granholm et al., 2000) .
Wnt-BDNF ko mice revealed a persistent 23% reduction of TH ϩ cells at postnatal day 21 (P21) compared with controls. The reduced number of TH-expressing neurons was present at birth and continued through P120 (Baquet et al., 2005) . Heterozygous mice (BDNF ϩ/Ϫ ) show no reduction in TH ϩ cell numbers, and BDNF Ϫ/Ϫ mice are postnatal lethal. It was reported recently that FGF-2 deficiency alters neither the DA cell density nor the vulnerability of DA neurons toward MPTP intoxication, which was evaluated on the basis of TH ϩ cell density (Zechel et al., 2006) . In accordance with our results, they found no difference between unlesioned FGF-2 null mutants and wild-type mice. As we could show in this study, the unaltered cell density in FGF Ϫ/Ϫ is attributable to an increased overall DA neuron number and, simultaneously, an enlarged volume. After lesion, Zechel et al. (2006) found no difference of the TH ϩ cell density, whereas we found a significant lower number of TH ϩ cells afterward. This apparent discrepancy could be attributable to (1) different lesion models (Zechel et al., 2006, MPTP; this study, unilateral, terminal 6-OHDA) and (2) different kinds of analysis (Zechel et al., 2006, TH ϩ cell density; present study, stereologically evaluated absolute TH ϩ cell number). Our results suggest that endogenous FGF-2 is a physiological key player within the nigrostriatal system important for the development and protection/repair during adulthood. This finding is supported by previous studies in which the most striking difference in patients suffering from PD was found in FGF-2 expression: a profound depletion of FGF-2 [from 82% (control brains) down to 12.7% (PD brains)] in the remaining DA neurons was found (Tooyama et al., 1994) , whereas BDNF was only reduced from 65 to 43% (Parain et al., 1999) . In situ hybridization failed to show any detectable levels of GDNF in PD or in control cases, suggesting that GDNF is not a major physiological factor during adulthood (Hunot et al., 1996) . These postmortem studies are in good correlation with the present null mutant studies. FGF-2 seems to be one of the first growth factors that affects the nigrostriatal system during development, with an effect throughout adulthood.
It is not very likely that a single neurotrophic factor supports survival of a specific cell population. Neuron losses in BDNF/ GDNF double mutants are not additive compared with the losses in single null mutants, indicating that in vivo survival in many cells, including DA neurons, is supported by more than one factor (Erickson et al., 2001) . However, additional studies are needed to understand the interplay between the different growth factors and to exactly evaluate which factor is able to compensate or support each other. Double-knock-out mice could help to address this question.
FGFR3 involved in postnatal DA neuron survival
The present study shows a significant decrease of DA midbrain neurons in unlesioned FGFR3 knock-out mice (ϩ/Ϫ), suggesting an involvement of FGFR3 during DA neuron development. This finding could mean that FGFR3 is involved in DA neuron development. Expression analyses of FGFR3 during embryonic development revealed that FGFR3 displayed a diffuse expression throughout the brain at E14 (Claus and Grothe, 2001 ). Postpartum, there is a wave of FGFR3 mRNA expression in the normal postnatal brain that spreads from the hindbrain to the forebrain. At P1, FGFR3 was expressed diffusely and localized in cells (Peters et al., 1993) . At P2, FGFR3 showed little expression in the midbrain. By P4, the FGFR3 mRNA expression increased in the midbrain (Oh et al., 2003) , where it remained during adulthood (Belluardo et al., 1997; Oh et al., 2003; Claus et al., 2004; Timmer et al., 2004) . This FGFR3 expression pattern suggests that FGFR3 does not play an important role during embryonic midbrain development but could be an important player after birth. A similar result was shown recently in which the postnatal expression pattern of FGFR3 parallels the appearance of differentiated oligodendrocytes (OLs), and the absence of FGFR3 expression in FGFR3 null mutants resulted in reduced numbers of differentiated OLs (Oh et al., 2003) . Interestingly, significant neurophysiological and neuropharmacological changes, including DA neuron cell death, take place within the SN in the first postnatal month (Tepper et al., 1994) . Tepper et al. could show that the number of TH ϩ neurons decreased significantly in the SN from P1 to P14, with the most striking effect between P1 and P7. This time frame correlates with the increase of FGFR3 expression in the SN (see above), indicating that FGFR3 could have the highest impact on the development of DA neurons during the first week after birth as survival-promoting factor. Nevertheless, the alterations must also have an effect during embryonic stages because the effect is too big and can therefore not only be explained by postnatal changes. The ϳ20% reduced DA neuron number in FGFR3 ϩ/Ϫ knock-out mice demonstrates that FGFR3 can, in contrast to FGF-2 (see above), not be compensated (e.g., by FGFR1 or FGFR2).
One major question is whether this dramatic effect is mediated via FGF-2 or via another ligand. FGF-1-FGF-3, FGF-5-FGF-18, and FGF-20 are possible candidates because of their expression pattern (see above; this list includes all possible candidates). The intracellular FGF-11 to FGF-14 do not bind to FGFRs and can therefore be excluded (Dono, 2003) . FGF-19, the ortholog of FGF-15, displays unique specificity for FGFR4 (Xie et al., 1999) . FGF-6 is only expressed at very low levels in the brain, making this candidate very unlikely (Ozawa et al., 1996) . The FGF ligands bind to the different FGF receptors with different affinities. FGF-3, FGF-7, FGF-10, and FGF-18 do not bind to FGFR3 or only with a low affinity (Ford-Perriss et al., 2001 ). However, a more recent publication showed that FGF-18 can bind to FGFR3 . One of the most promising protein is FGF-20, because it is preferentially expressed in the substantia nigra pars compacta (Ohmachi et al., 2000) , and it promotes the differentiation of Nurr1-overexpressing neural stem cells into TH ϩ neurons . Up to now, it was thought that FGF-20 preferentially acts via FGFR1c (Ohmachi et al., 2003) , but a new binding study revealed that the binding affinity between FGF-20 and FGFR3 is ϳ90% , making it a "high potential" candidate for compensating FGF-2 in FGF-2 ko mice. Thus, FGF-1, FGF-2, could act via FGFR3 in the SN during postnatal development. However, to date, no published data showed FGF-5 and FGF-16 in the SN, making both candidates unlikely. FGF1 would be a good candidate for compensating FGF2, but it has been shown previously that FGF1 does not compensate FGF2 during development because FGF1-FGF2 double-knock-out mice were viable and fertile and did not display any gross phenotypic defects other than seen in FGF2 knockout mice (Miller et al., 2000) . Taking all of these results from literature and this study together suggest that the FGF-8/FGF-17/ FGF-18 and the FGF-9/FGF-20 subfamilies might be the candidates that (over)compensate FGF-2 in FGF-2 ko mice (see above).
FGFR3 is a transmembrane tyrosine kinase receptor mediating the extracellular FGF signal. The lacking receptor prevents secreted FGFs (2, 8, 17, 18, 9, 20) from entering the cytoplasm and acting in an autocrine/paracrine manner. Thus, deleted FGFR3 knocks down most FGFs at the same time. This would explain why no compensation, like in FGF-2 ko mice, is possible and at the same time confirms the hypothesis that, in FGF-2 ko mice, other FGFs come into play. The results also suggest that the other two FGF receptors [FGFR1 and FGFR2; FGFR4 is not present in the nigrostriatal system ] cannot fully compensate the lack of FGFR3 or may fulfill different functions (Corso et al., 2005; Klejbor et al., 2006) . This idea is supported by an oligodendrocyte study showing that distinct FGF/ FGFR signaling pairs initiate diverse cellular responses in cell lineage (Fortin et al., 2005) .
FGFR3c is preferentially found in glia but also in DA neurons (Yazaki et al., 1994) , suggesting an indirect effect. We have shown previously that FGFR3 was not reduced after 6-OHDA lesion , suggesting that the majority of the FGFR3 population might be located on cells other than DA neurons. This finding further supports the hypothesis of an indirect (i.e., gliamediated) effect. Moreover, released FGF (e.g., FGF-2) must be crucially involved in DA neuron development and survival, because intracellular FGF-2 is not affected in FGFR3 knock-out mice but the extracellular cannot act as ligand without its receptor. This consideration is supported by a recent study in which FGFRs were inhibited. The resultant inhibition of FGFR suppresses activation of downstream protein kinases and causes rapid cell differentiation, suggesting an involvement of autocrine FGF signals in the maintenance of proliferating hESCs in the undifferentiated state (Dvorak et al., 2005) .
The finding of the present study, that released FGF is important, is supported by a recent publication showing that autocrine FGF-2 signaling is critical for self-renewal and differentiation of mesenchymal stem cells (Zaragosi et al., 2006) . Moreover, extracellular signal-regulated kinase 1/2 (ERK1/2) signaling pathway is involved in FGF-2-mediated self-renewal but not in differentiation. Another study showed that rotenone-induced apoptosis in DA cells was attenuated by pretreatment with FGF-2 via activation of ERK1/2 and phosphatidylinositol-3 kinase (PI3-kinase) pathways (Hsuan et al., 2006) . Ectopic activation of ERK1/2 or PI3-kinase protected against rotenone, whereas inhibition of either pathway attenuated FGF-2 protection. These data indicate that second-messenger systems play a crucial role in this scenario. FGFR3 is expressed as two main splice isoforms (IIIb or IIIc). We have shown previously that FGFR3 mediates neuronal death in the PNS (Jungnickel et al., 2004a) , whereas this study suggests that FGFR3 supports survival and inhibits naturally occurring apoptosis during development. How signaling through FGFR3 can lead to apoptosis, differentiation, or cell proliferation is not fully understood. It seems that STAT1 (signal transducer and activator of transcription 1) phosphorylation is involved in inhibition of proliferation, whereas activation of the ERK pathway inhibits differentiation (L'Hote and Knowles, 2005) . Some of the cell specificity may arise via modulation of signaling by crosstalk with other signaling pathways. Together, FGFR3 seems to be essential for (at least) a ϳ20% subpopulation of DA neurons during development.
Different mechanisms during development and after lesion?
Our data after terminal 6-OHDA lesion clearly indicate a physiological neuroprotective function of FGF-2 because significantly more DA neurons survived after lesion in mice overexpressing FGF-2 compared with wild-type mice. This result together with the finding that released FGF-2 seems to be important in this context (see above) confirms the physiological trophic effects of FGF-2 on DA neurons and justifies the exogenous application of FGF-2 to (1) prevent the degeneration of the remaining DA neurons in PD patients or (2) enhance DA graft survival and benefit. Moreover, these findings encourage the development of new FGF-2-mediated neuroprotective therapies for neurodegenerative disorders. The observed effects, at least in FGF-2 ko mice, seem to be specific to DA neurons and not systemic/general because other studies showed different results for other brain regions/neuronal populations [e.g., impaired cerebral cortex development (Dono et al., 1998) ].
After lesion, significant more DA neurons died in FGF-2 ko mice than in wild-type mice. This further underlies the survivalpromoting and neuroprotective effect of FGF-2. In contrast to the situation during development, the compensation mechanisms (e.g., upregulation of other members of the FGF family) seem to fail or at least are not as sufficient as in fetal/neonatal animals. These results verify that plasticity and repair mechanisms are much more powerful in developing systems. Furthermore, this is a fundamental finding for neuroprotective and restorative therapies because it shows restrictions in terms of limited endogenous repair functions and could help to overcome these limitations.
Conclusion
The present findings not only depict the function and relevance of FGF-2 but also support the hypothesis that most biological systems are redundant, and even one of the most important survival factors seems to be (over)compensated. However, this compensation is by far not perfect and fails when lesioning adult mice.
Thus, FGFR3 seems to be crucial during (postnatal) development of DA neurons, and FGF-2 seems to fulfill an unique physiological function within the nigrostriatal system after lesion. It has to be further analyzed whether FGF-2 is supportive or essential. This gain in knowledge could help for a better understanding of how FGF-2 regulates DA survival and differentiation and how compensation mechanisms come into play or fail. In addition to development, the neuronal changes observed in adult mice could also reflect an altered cell homeostasis.
Moreover, these findings are also relevant to exogenous FGF-2 applications [e.g., transplantation experiments (Cesnulevicius et al., 2006) ] because detailed information about the growth factors used is necessary for a proper application. Together, these data could help to develop new therapeutic approaches for PD, including protective ones. Moreover, these results exemplify how narrow the range between toxic and beneficial effects of e.g., growth factors is.
